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d t o  a t t a c h  t h e  s e n s o r  t o  t h e  t 
on c h a r a c t e r i s t i c s  which can b e  employed as 
d i s t i l l e d  water i n h i b i t e d  w i t h  sodium dichromate (500 ppni) and methyl a l c o h o l  
environments were detemiined,  and a SWAT system p o s s e s s i n g  s u f f i c i e n t  s e n s i -  
t i v i t y  t o  d e t e c t  and monitor stress wave emissions a s s o c i a t e d  w i t h  s u b c r i t i c a l  
crack growth i s  d i scussed .  
between a p p l i e d  stress i n t e n s i t y  and f a i l u r e  t i m e  f o r  t h e  v a r i o u s  material 
t h i c k n e s s e s  (0,030 and 0.060-in.) and environments i n v e s t i g a t e d  are p r e s e n t e d .  
A p p l i c a t i o n  of t h e  r e s u l t s  ob ta ined  t o  t h e  proof t e s t i n g  of c r i t i ca l  tankage 
i s  d i scussed  and recommendations f o r  fOllOW-On s t u d i e s  are p resen ted .  
Cr i t ica l  stress i n t e n s i t y  data, and r e l a t i o n s h i p s  
i v  
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I. INTRODUCTION 
The r e l i a b i l i t y  and q u a l i t y  a s su rance  of p r o p e l l a n t  containment t anks  
i n  man-rated space  v e h i c l e s  i s  of paramount importance t o  NASA. One of t h e  
methods employed t o  ensu re  maximum r e l i a b i l i t y  i n  such vessels is t h e  proof 
test ,  Experience has  shown t h a t  proof t e s t i n g  t o  a l e v e l  above t h e  t anks  
o p e r a t i n g  p r e s s u r e  i s  g e n e r a l l y  u s e f u l  as a q u a l i t y  a s su rance  measure t o  
d e t e c t  f l aws  l a r g e  enough t o  f a i l  t h e  vessel a t  o r  below t h e  o p e r a t i n g  
p r e s s u r e .  However, numerous p roof - t e s t  f a i l u r e s  have occurred du r ing  t h e  hold 
pe r iod  a t  maximum p r e s s u r e  which serve as reminders of t h e  danger of sub- 
c r i t i c a l  c r a c k  growth both du r ing  h y d r o t e s t  and service (due t o  environmental ly-  
induced growth),  and demonstrates  t h e  need f o r  a n o n d e s t r u c t i v e  i n s p e c t i o n  
technique which can  be employed du r ing  p r e s s u r i z a t i o n  t o  d e t e c t  t h e  i n i t i a t i o n  
and growth of s u b c r i t i c a l  d e f e c t s  (Ref 1) and det.ermine t h e i r  l o c a t i o n .  
The h e r o j e t  Stress LJave Analy..;is Technique (SWAT) is an i n s p e c t i o n  
” ’ -’ -1- 4”- ---* 4-b.-”,-. - ~ , - . ? * , , 7 v ~ w n v i - C .  1 r , , r n  r n l c  r o p n n 7 n , r r J  T?-at,%- 
I -  _._- - _ - - . - - _ _ _  
duce r s  are employed t o  d e t e c t  t h e  stress-‘clrave emissions which acconpany t h e  
energy release o c c u r r i n g  when a flaw propaga te s ,  and through seismic t echn iques ,  
t r i a n g u l z t e  back t o  t h e  s o u r c e  of t h e  emission.  The t echn ique  has  been 
employed f o r  t h i s  purpose du r ing  p rev ious  p r e s s u r e  vessel h y d r o t e s t s  (Refs 2 
and 3 ) ,  i n c l u d i n g  t h e  hydroburst  (Ref 4 )  of an  Apol lo  s e r v i c e  p ropu l s ion  system 
(SPS) f u e l  tank.  
The service h i s t o r y  of t h e  SPS t a a k  is  of p a r t i c u l a r  i n t e r e s t  i n  connec- 
t i o n  w i t h  t h i s  s tudy.  
mating f u e l  t ank  had r u p t u r e d  a t  240 p s i g  du r ing  a system p r e s s u r e  tes t  u s i n g  
methyl a lcohol .  Fol lowing hydrobur s t ,  t h e  i n t e r i o r  s u r f a c e s  o f  t h e  vessel 
were found t o  c o n t a i n  many s m e l l  s u r f a c e  flaws, presumably t h e  restilt of 
stress c o r r o s i o n  i n  the  methyl a l coho l  environment, Although SWAT was success-  
f u l l y  employed t o  d e t e c t  t h e  o n s e t  of f a i l u r e  du r ing  t h e  hydrobur s t  of t h e  SPS 
f u e l  t ank ,  d i f f i c u l t i e s  were encountered due t o  c rack ing  of the cement, used t o  
The vessel- had been removed from Aifframe-017 a f t e r  i t s  
Yage i 
I, I n t r o d u c t i o n  ( con t . )  
bond t h e  SVAT t r a n s d u c e r s  t o  t h e  vessel, T h i s  d i f f i c u l t y  
high s t r a i n  o c c u r r i n g  i n  t h e  thin-walled (0.030 t o  O.QGO-in,) SFS tank. 
Cracking of t h e  bonding cement produced extraneous s i g n a l s  which complicated 
t h e  SWE d a t a  a n a l y s i s .  Also ,  du r ing  t h i s  test ,  r e l a t i v e l y  few stress waves 
a t t r i b u t a b l e  t o  f l a w  growth were observed, sugges t ing  t h a t  very small ampli tude 
stress waves were a s s o c i a t e d  w i t h  t h e  growth of t h e  s u r f a c e  f l aws  which had 
been produced by p rev ious  p r e s s u r i z a t i o n s  i n  a methyl  a l c o h o l  environment. 
I n  v i e w  of t h e  l a t t e r  d i f f i c u l t i e s ,  t h e  program desc r ibed  h e r e i n  was 
undertaken. The o b j e c t i v e s  of t h e  program ~7ere t o :  
1. Demonstrate improved t r ansduce r  a t tachment  t echn iques ;  
2. To determine S ~ P ~ S S - W Z V ~  charecter is t ics  assoc ia ted  vith p a r t -  
1 l l i W u s , , r a  - .I_--.. -  V ------4-h ;= t-be t i t a n i u m  6AI-4V a l l o y  exposed t o  a i r ,  
d i s t i l l e d  water . ~ i ~ t , L t , ~ ~ , . , ~  ..I:? - . - . . + - i y * m  ~ 1 - t  r * r i  t uLIIuLL.! - ___  - z - L - . T  
a l c o h o l  environments;  
3.  Define t h e  system s e n s i t i v i t y  r e q u i r e d  t o  detect  the stress-wave 
emission s e n s i t i v i t y  a s s o c i a t e d  w i t h  f l aw  growth; and 
4 ,  Compare and c o r r e l a t e  such c h a r a c t e r i s t i c s  w i t h  d a t a  ob ta ined  
from t h e  SPS tankage hydroburst  p r e v i o u s l y  performed. 
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Sensor z t tachment  t echn iques  were s u c c e s s f u l l y  developed which overcome 
p rev ious  bonding agent  c r ack ing  encountered du r ing  t h e  h y d r o t e s t  of t h e  SPS 
tank.  The technique recommended f o r  m e  w i t h  pressrtre v e s s e l s  i n c c v p o r a t e s  
an at tachment  block t o  which t h e  s e n s o r  i s  mounted and which, i t s e l f ,  i s  
mounted t o  t h e  test  a r t i c l e  u s i n g  RTV s i l i c o n  rubbe r ,  Th i s  technique p rov ides  
t h e  deg ree  of c o n t a c t  r e q u i r e d  f o r  good stress-wave emission t r a n s m i s s a b i l i t y ,  
does n o t  produce ex t r aneous  s i g n a l s  and w i l l  w i ths t and  t h e  environmental  con- 
d i t i o n s  to which t h e  SPS f u e l  t a d c  is s u b j e c t e d ,  
The  stress-wave emission c h a r a c t e r i z a t i o n  s t u d i e s  were performed us ing  
Ti-6Al-417 material (0.030 and 0.060-in. t h i c k )  s u p p l i e d  by RASA from a 
d i s c a r d e d  SPS tank.  The tests were performed us ing  f a t i g u e  precracked p a r t -  
through-crack hetisile S p ~ ~ J j ~ ~ ~ ~ ~  wi-tic!, >;ere a l s o  einployed t o  dete-nnine c r i t i c a l  
f+ - sc :  -int-e.nc%tv va?ucs. 
43 a 5 k s i - i n  I -’ - and 4 3 e  Y m u - - - I I L .  J.+.JId -___ 
thick material .  These corresponded t o  ii value of 44 kci-irr ,  ob taixied b y  
HASA f o r  the same material and was independent of a i r  o r  i n h i b i t e d  water 
environment. Cr i t ica l  stress i n t e n s i t y  v a l u e s  were n o t  c a l c u l a t e d  f o r  the 
methyl alcohol. environment tests s i n c e  specimens t e s t e d  i n  t h i s  environment 
always f a i l e d  du r ing  hold and no a c c u r a t e  measurements of t h e  slow c r a c k  growtli 
were p o s s i b l e ,  The f a i l u r e  t i m e  i n  methyl a l c o h o l  was dependent on t h e  i n i t i a l  
a p p l i e d  stress i n t e n s i t y .  Conversely,  n e i t h e r  s l o w  c r a c k  growth nor specimen 
f a i l u r e  was observed i n  a i r  and/or  i n h i b i t e d  water environments f o r  h o l d  
p e r i o d s  up to 1% hours  a t  a p p l i e d  stress i n t e n s i t y  v a l u e s  of  up t o  0.92 K 
f a i l u r e  only occurred dur ing  r i s i n g  load  t o  t h e  K va lue .  
The  r e s u l t s  ottzx!ueii I n 4  ir:ata:! KLc vai-tles of 
I I L 
- / I - ,  
* -’-- Gr%v f 1 1 i l  1 1 1 ( 1  I J . < j ” ”  
. / >  
I f 2  
I C ’  
I C  
The systm s e n s i t i v i t y  r c q u i r e d  t o  d e t e c t  s t ress-wave emissions from 
s u b c r i t i c a l  c r a c k  growth iii t h i n  walled ( 0  (. 033 and 0 060-in e 1 6AL-4U t i t a n i u m  
was successEul l y  achieved and d e m n s t r a t e d  i r r  a i r  i n h f b i t e d  water, and IilethyL 
a l c o h o l  environments. Ver i f i ca t ion  of adeciute SI:RT--sys tern s e n s i t i v i t y  w a s  
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11, Summary (cont.)  
made through a n a l y s i s  of stress-wave emission d a t a  from a p rev ious  Apollo SPS- 
t ank  hydroburst .  
The s t r e s s - ~ ~ a v e - e m l s s i o n  c h a r a c t e r i s t i c s  which were determined as 
p r e c u r s o r s  of f a i l u r e  were t h e  same f o r  a l l  environments i n v e s t i g a t e d ;  t h e s e  
are: (1) t h e  rate of occurrence,  (2) t h e  cumulat ive count ,  and (3) t h e  ampli- 
t ude  of stress-wave emissions,  a l l  o f  which i n c r e a s e d  s i g n i f i c a n t l y  as f a i l u r e  
was approached, In a i r  and i n h i b i t e d  water, no s i g n i f i c a n t  SWE were observed 
under s u s t a i n e d  l o a d  f o r  hold p e r i o d s  of up t o  18 hours .  This  was c o n s i s t e n t  
w i t h  t h e  f a c t  t h a t  t h e r e  was n e i t h e r  c v i d e m e  of s l o w  c r a c k  growth i n  t h e  
f r a c t u r e  s u r f a c e s  nor  f a i l u r e  du r ing  t h e  hold p e r i o d s .  
quent  r i s i n g  l o a d  w a s  d e t e c t e d  by monitor ing t h e  stress-wave emissions 
o c c u r r i n g  and was a t t e n d e d  by i n c r e a s e d  s t ress-wave r a t e  of occur rence  and 
_.. - --;' + ' ' r i p  ! I1 L t l t - L - i l j  A __ ' --I.-? WE indicati.ve of the s u b c r i t i c a l  crack gro.nr~h 
were observed du r ing  the ho ld ing  pe r iods  eao A ~ L L ~ ~ ~ ~ ~ \ :  L-:L -:- w m 1 - 5  o r  
occur rence  and ampliCude as f ail-me approached. The inkerva2 between the on- 
set  of d e t e c t a b l e  c rack  growth as shown by t h e  stress-wave emission data and 
a c t u a l  f a i l u r e ,  v a r i e d  as a f u n c t i o n  of environment and a p p l i e d  stress 
i n t e n s i t y ;  i n  all i n s t a n c e s ,  t h i s  t i m e  i n t e r v a l  was s u f f i c i e n t  t o  t e rmina te  
t h e  p r e s s u r i z i n g  c y c l e  i n  a h y d r o t e s t  p r i o r  t o  f a i l u r e .  
F a i l u r e  du r ing  subse- 
- * )  
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111. TRANSDUCER ATTACHMENT _I- TECHNIQUE  
A. BACKGROUND 
P r i o r  t o  t h e  hydroburst  of t h e  SPS f u e l  t a n k ,  a wide v a r i e t y  of 
adhes ives  had been used f o r  a t t a c h i n g  s t ress-wave sensors t o  t h e  test  i t e m .  
In a d d i t i o n  t o  adhes ives ,  o t h e r  sensor f a s t e n i n g  t echn iques  i n c l u d i n g  mechani- 
cal  dev ices  such as wrap-around s p r i n g  co rds  o r  c o i l e d  s p r i n g s ,  had a l s o  been 
employed. Many of t h e s e  t echn iques  are c u r r e n t l y  i n  u s e ,  depending on t h e  
s p e c i f i c  a p p l i c a t i o n  and when c o r r e c t l y  a p p l i e d ,  are a c c e p t a b l e  methods. The 
mere important  c o n s i d e r a t i o n s  r e g a r d i n g  t h e  at tachment  of t h e  s e n s o r  are: 
1. The at tachment  should be as  nea r  t o  be ing  an i n t e g r a l  p a r t  
of t h e  test i t e m  as p o s s i b l e .  
2. T h e  a t t a c h i n g  method m u s t  w i ths t and ,  w i thou t  f a i l i n g  o r  
n . k - m - ~ i n o  ?Fir s*irx3ctupal and environmental  Condition5 t o  which t h e  test  o b j e c t  
i s  exposed. 
3. The at tachment  should not chaage, nor a f f e c t  t h e  p r i m a r y  
s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  test  i t e r n .  
4 .  The at tachment  assembly should p r e s e n t  as s m a l l  a mechanical 
impedance as i s  p r a c t i c a l l y  p o s s i b l e ,  Th i s  u s u a l l y  s u g g e s t s  a very  s t i f f  
a t t a c h i n g  method and a v e r y  s m a l l  mass f o r  both sensor and at tachment  dev ice .  
5 .  The at tachment  and removal of t h e  s e n s o r  -&hould b e  e a s i l y  
accomplished wi thou t  e x c e s s i v e  p r e p a r a t o r y  time, and should n o t  r e q u i r e  mate- 
r ials ? equipment and skiLis beyond tlzose n ~ r ~ i i d l y  acqrtired by competent test 
l a b o r a t o r y  personnel, 
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111, A ,  Background ( c o n t , )  
The attachmenr procedure p r e v i o u s l y  used to i n s t a l l  stress-wave 
sensors on t h e  SPS f u e l  t ank  are desc r ibed  below: 
1. The s u r f a c e  of t h e  f u e l  tank was roughened a t  each of t h e  
s e n s o r  l o c a t i o n s  u s i n g  a f i n e  g rade  of sandpaper.  
2. The s u r f a c e  w a s  then cleaned with Methyl E thy l  Ketone (MEK) 
3 .  Aluminum a l l o y  at tachment  blocks ( l / Z - i n ,  d i e  x 1/2-*in: l ong ,  
d r i l l e d  and tapped (10-32) on one s i d e  f o r  mouoting the s e n s o r )  were then  
sanded and also cleaned w i t h  MEK. 
5. A l i g h t  s p r i n g  l o a d  of 5 l b  w a s  used t o  ho ld  t h e  at tachment  
b lock  i n  p o s i t i o n  for approximately 48 h r  a t  a n b i e n t  c o n d t t i o n s  w h i l e  t h e  
epoxy adhesive cured. 
6. The sensors were then  secured t o  each of Ehe at tachment  b locks  
w i t h  threaded s t u d s .  
Exc lus ive  of t h e  epoxy c u r e  t i m e ,  t h e  t o t a l  time r e q u i r e d  t o  
i n s t a l l  t h e  b locks  used du r ing  t e s t i n g  of t h e  SPS Euel tznk was ay;pro::imately 
20 mis, 
a t t a c h i n g  stress-wave emission s ~ , n s o r s  p r i o r  t o  t h e  h y d r o t e s t  of the SPS f u e l  
tank.  However, t h i s  material was s e l e c t e d  since t h e  manuf ac ta rer  ' s  spec i f  ica- 
t i o n  i n d i c a t e d  n maximum s t r a i n  l e v e l  b e f o r e  c rack ing  o f  202, which was i n  
excess  oE t h a t  a n t i c i p a t e d  dtirin.8 t h e  b u r s t  "Lcsting of the SPS t ank .  
The  Eudd 20. GA-2 epoxy s t r a i n  gage adhesive ht;d n o t  bee2 used €or 
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I f  t h e  s t r a i n  requirements  of t h e  at tachment  adhes ive  a r e  con- 
s i d e r e d  > t h e  requirement f o r  a h igh  e l o n g a t i o n  wi thou t  c rack ing  becomes 
r e a d i l y  apparent .  A s  shown i n  F igu re  I, when t h e  t e s t  spec:ime.a e lmga tes  t o  
a s t r a i n  of AL, t h e  adhes ive  joi.nt. is  s t r a i n e d  an e q u i v a l e n t  moun t  i n  s h e a r  
because of t h e  s t i f f n e s s  of t h e  at tachment  block.  These shea r ing  s t r a i n s  are 
cons ide rab ly  h ighe r  t han  w i t h  a conven t iona l  s t r a i n  gage because the s t r a i n  
gage movement a t  t h e  tank wall-attacliment block i n t e r f a c e  v e r y  c losely matches 
t h a t  of t h e  s t r u c t u r e .  I n  s i t u a t i o n s  where t h e  t e s t  specimen !.s i n  a ve r t i ca l  
p o s i t i o n ,  t h e  adhesive j o i n t  is  a l s o  s u b j e c t e d  t o  a beading niomnt due t o  
t h e  weight  of t h e  sensor and actachmesxa: b lock  assembly. 
Most epoxy adhesives  should be capab le  of remaining i n t a c t  t o  and 
s l i g h t l y  beyond t h e  h y d r o s t a t i c  proof Lest strackin 2.evill.s usaaJ Iy e x p e r l ~ n c d .  
by aerospzcc h e 1  i:anks a Elowc.jevc?r i n  iiiin-wal let; tanks s i r ch  2'1 f - t - 1 ~  =--.-..--? , 
. -  . .n . .^.-^. l i - -  7 a 7 ---o.. vrrr.LJ-I.I I L V G ~ ~  11tdy iie encountzrcd em! can rss~1.1-t i n  adtesiire 
c rack ing  another gene ra l ly  more coninon mode os' adhes ive  f a i l u r e  
i s  l a c k  of adhesion t o  one of t h e  bonding surEaces.  Th i s  can occur  because of 
inadequate  c l e a n i n g  procedures  and may b e  a problem because of t h e  d i f f i c u l t y  
in completely removing t h e  t i t a n i u m  ox ide  c o a t i n g  resid t i n g  from post-welding 
stress re l i ev ing -ag ing  t r e a t m e n t s  employed i n  process ing  t i t a n i u m  p r e s s u r e  
vessels such as t h e  SPS t ank .  
I n  a d d i t i o n  
During t h i s  i n v e s t i g a t i o n ,  t h e  c rack ing  of t h e  Budd Coo GA-2 epoxy 
T e n s i l e  specimens supplied by NASA f rom an " s t r a in  gage adhes ive  was v e r i f i e d .  
SPS chamber, were t e s t e d  by bending t o  predetezmlned s t r a i n  levels u i t h  both 
s t ress-wave sensors and stra'iin gages a c t a c h e d  e The  same sensor  a ' i ~ ~ ~ h m e ~ ~ t  
techniques uscd during the SPS fue l  t ank  h y d r o t e s t  program were employed 
During t h e s e  tests, tlhe stress-wave scasort-: sho.rt7ed a c c c l e r a f i o n  t r a n s i e n t s  
beginning  a t  small dcEZectA.ons ; t k s e  transients i nc reascd  as t h e  d e f l e c t i o n  
w a s  i n c r e a s e d  ,. Exairiination of t h e  syeciilien i n d i c a t e d  no f law i n t e r a c t i o n  o r  
growth, b u t  c r ack ing  of &he adhes ive  was observed e 
TEST SPECDEBIEM 
SURFACE 
BUDD CQ, GA-2 EPOXY 
FIGURE l a .  
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A review of s i g n a l  impedance s t u d i e s  (Refs 5 and 6) i n d i c a t e s  t h a t  
t h e  mounting should be as " s t i f f "  as t h e  s t r u c t u r e  t o  which i t  is a t t a c h e d ,  
I f  a " s o f t e r "  technique i s  employed, s i g n a l  a t t e n u a t i o n  occur s  because of t h e  
i n t e r f a c e "  produced between t h e  two components of s i g n i f i c a n t l y  d i f f e r e n t  
moduli. Obviously,  t hen ,  a n  at tachment  technique which employs a welded o r  
' t h readed  connect ion t o  which t h e  sensor  can be a t t a c h e d  and brought  t o  b e a r  
d i r e c t l y  on t h e  specimen s u r f a c e  would be clesirabl-e. However, du r ing  t h e  test- 
i n g  of most ae rospace  p r e s s u r e  vessels,  i t  i s  not p o s s i b l e  t o  weld o r  d r i l l .  
and t a p  t o  t h e  s t r u c t u r e ;  t l i i s  i s  p a r t i c u l a r l y  so when t e s t i n g  very , th in  wal led 
vessels such as t h e  t i t a n i u m  SPS f u e l  tank.  Consequently,  an  a l t e r n a t e  tech-  
nique r e q u i r e d  development which would p rov ide  adequate  c o n t a c t  between t h e  
test  specimen and sensor wi thou t  i n t r o d u c i n g  n e i t h e r  a source  of ex t r aneous  
s i g n a l s  nor s i g n i f i c a n t  s t ress-wave a t t e n u a t i o n .  
I f  
During SWAT tests of A e r a j e t - f a b r i c a t e d  second-stage Minuteman 
r o c k e t  motor c a s e s  f a b r i c a t e d  us ing  t h e  6A1--4V t i t a n i u m  a l l o y  (approximately 
0.1 i n .  t h i c k )  v a r i o u s  senso r  a t tachment  techniques were eva lua ted .  The 
method which was f i n a l l y  s e l e c t e d  and used successSu l ly  r e q u i r e s  a s l i g h t l y  
l o n g e r  p r e p a r a t o r y  t i m e  t han  t h e  technique p r e v i o u s l y  used,  b u t  can be nodi- 
f i e d  s l i g h t l y  t o  l e s s e n  t h i s  t i m e .  F igu re  2 shows a cross-seceion of t h e  
stress-wave emission s e n s o r  i n s t a l l a t i o n  which w a s  e s t a b l i s h e d  f o r  u se  on 
p roduc t ion  proof h y d r o t e s t s  o f  t i t a n i u m  p r e s s u r e  vessels. 147s recommended i n  
R e f  5 ,  a s l i g h t  f i l m  of l i g h t  machine o i l  i s  a l s o  used between t h e  sensor and 
t h e  test syecinie~i, t he reby  g r e a t l y  increas ing  the t r a n s a i s s a h i l i t y  of the 
s i g n a l ,  
On t h e  basis of the aforementioned e f f o r t  and t h e  tests conducted 
du r ing  t h i s  prograin, t h e  fo l lowing  procedure has been e s t a b l i s h e d  f o r  a t t a c h i n g  
Page 3 
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stress-wave-emission sensors t o  t i t a n i u m  p r e s s u r e  vessels of known dimensions 
and test  p r e s s u r e s .  
1. F a b r i c a t e  an at tachment  b lock  o f  t h e  d e s i g n  shown i n  F igu re  3 
f o r  each s e n s o r  l o c a t i a n .  T h i s  b lock  i s  t o  b e  tnade of e i t h e r  aluminurn o r  
t i t a n i u m  alloy a 
2. A f t e r  a c c u r a t e l y  znarki.ng each senso r  l o c a t i o n  on t h e  test 
v e h i c l e ,  thoroughly c l e a n  t h e  s u r f a c e  I n  a circle whose d h m e t e r  i s  1.5 times 
t h a t  of t h e  at tachment  block.  A good c l e a n i n g  procedure c o n s i s t s  o f :  
degreasing t h e  s u r f a c e  w i t h  an acceptzible s o l v e n t  f o r  t i t a n i u m ,  (Is) l i g h t l y  
abrading t h e  s u r f a c e  with a f i n e  grade of emery o r  sandpaper ,  and (c) c l e a n i n g  
the s u r f a c e  a g a i n  w i t h  tz nonresidue solvent.  Care m u s t  be  taken n o t  t o  use 
w l v e n r s  whi.ch c m  produce co r ros ion  o r  s t ress  CO~X-C~SIOZ i n  t h e  material .  bc i  ng 
tested . 
(a> 
3 .  
of each at tachment  block.  
Follow the same proccdure as 2 zbovc f a r  t h e  base and edges 
4.. L i g h t l y  p r e c o a t  bo th  t h e  attachment b l o c k  and tes t  specimen 
with t h e  room-temperature v u l c a n i z i n g  (RTV) s i l i c o n e  rubbe r  pr imer ,  General  
Electric Moa SS4004, on the areas shown i n  F igu re  4 ,  and al low one hour t o  
dry.  Mix t h e  RTV s i l i c o n e  rubbe r ,  General  Electr ic  N o .  60 i n  accordance wi th  
t h e  manufac tu re r ' s  i n s t r u c t i o n ;  25 gm i s  adequate  € o r  one o r  t v o  at tachment  
b lock  i n s r a l l a t i o n s ,  
attactmerrt b iock  aver t-he p r e c o a r e d  area, B u i l d  ~p a l/8 t o  l / 4 - i n e  bead 
around tEc p e r i p h e r a l  edge of the block  and i n  c a n t n c t  w i t h  t h a t  a p p l i e d  t o  
t h e  base  
Apply a v e r y  t h i n  l a y e r  t o  t h e  bottom s u r f a c e  of t h e  
Page 1.3. 
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5. Apply a t h i n  c o a t  of l i g h t  machine o i l  o r  a ve ry  t h i n  c o a t  
of  l i g h t  s i l i c o n e  g r e a s e  t o  t h e  bottom s u r f a c e  of  t h e  mounting b lock  (refer 
t o  F igu re  5) and push t h e  b lock  secu re ly  i n t o  p o s i t i o n  with t h e  s i l i c o n e  
rubber  prccoa txd  area on t h e  spec: -I me13. * 
6. Keep t h e  b lock  i n  p l a c e  and complete attachment: by adding t h e  
RTV s i l i c o n e  rubber  t o  produce a f i l l e t  around t h e  at tachment  b lock  which i s  
smoothly f e a t h e r e d  o u t  t o  t h e  specimen s u r f a c e  as shown i n  F igu re  2 .  I f  t h e  
at tachment  b lock  i s  app l i ed  t o  o t h e r  than  t h e  t o p  s u r f a c e  of a h o r i z o n t a l  
specimen, provide  c o n t a c t  p r e s s u r e  t o  keep t h e  b lock  f i r m l y  i n  p l a c e  and t i g h t  
t o  t h e  specimen s u r f a c e  w h i l e  t h e  RTV s i l i c o n e  rubber  cu res ;  1 6  t o  24 hr  a t  
room temperature  i s  g e n e r a l l y  r equ i r ed .  The mixture  w i l l  become tack- f ree  
between 1 and 6 h r  a f t e r  mixing and the c u r e  t i m e  can then  be  shor tened  by 
a p p l i c a t i o n  o€ hear. 
f i i L ; e r  .cne KJ.Y S L L X C O ~ ~  ~L 'UDDCT h a s  cured ,  G r i t  befcre maunting 
t h e  s e n s o r  on t h e  at tachment  b lock ,  e i t h e r  i n s e r t  3 o r  4 drops of l f g h t  machine 
o i l  i n  t h e  threaded  h o l e ,  o r  E i l 1  t h e  h o l e  approximately 1 / 2  t o  3 / 4  f u l l  of 
l i g h t  s i l i c o n e  g rease .  A l s o ,  apply a l i g h t  c o a t  of o i l  o r  a very  l i g h t  l a y e r  
of g r e a s e  d i r e c t l y  t o  t h e  base  of t h e  s e n s o r ;  then  th read  t h e  senso r  i n t o  pos i -  
t i o n  and sea t  by apply ing  ehe sugges ted  to rque  (usua l ly  around 18 i n * - l b ) .  
8. Following t e s t i n g ,  remove t h e  attachmefit  b lock  us ing  a s h a r p  
k n i f e .  Then c a r e f u l l y  s c r a p e  o r  sand t h e  r e s i d u a l  rubber  away. Removal can 
also b e  accomplished by use  of a commercially a v a i l a b l e  s t r i p p i n g  s o l u t i o n  
(Ref 7) ,  b u t  care must b e  taken  so as no t  t o  use a s o l v e n t  which can  produce 
c o r r o s i o n  o r  stress c o r r o s i o n  or' the m a t e r i a l  being tested 
Th i s  s enso r  installs i- ion technique  provides  the degree  of c o n t a c t  
r e q u i r e d  f o r  good stress-wave-emi~ssion t r a n m i s s a b i l i t y  through three 
Page XI, 
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mechanisms: 
s u r f a c e ,  (2) a l i g h t  l a y e r  of o i l  o r  g rease  t o  provide  a cont inuous f i l m  
c o n t a c t ,  and ( 3 )  the s l i g h t  shrink-age of t h e  cured RTV s i l i cus te  z - u h b ~ r  :.~hich 
s e c u r e l y  p o s i t i o n s  t h e  b lock  t o  t h e  specimen. No n o i s e s  are experienced 
du r ing  specimen t e s t i n g  which o r i g i n a t e  from t h e  at tachment  because t h e  s i l i-  
cone rubber  follows t h e  e l o n g a t i o n  of t h e  specimen i d e n t i c a l l y  and w i t h o u t  
c r ack ing ,  w h i l e  t h e  at tachment  r i d e s  smoothly i n  p l ace .  The few drops  of o i l  
o r  l i g h t  g r e a s e  p laced  i n  t h e  h o l e  have been fo rced  i n t o  t h e  s m a i l  volume 
between t h e  b lock  and t k e  specimen, t hus  a s s u r i n g  an in t in i a t e  arrd w e l l -  
l u b r i c a t e d  su r face .  
(1) a c l o s e  f i t  between specimen s u r f a c e  and at tachment  b lock  
The room-temperature s i l i c o n e  rubber  a l s o  resists and w i l l  w i t h -  
s t and  wi thout  d e g r a b t i o n  of phys ica l  o r  inechmical p r o p e r t i e s  $ a1.l e m i r o n - -  
mental  cond i t ions  t o  which the SYS f a e l  tank j s  sub j c c t c d ,  Its ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~ ? ~ ~ , ~ ~ i ~ ~ ~ ~  
, , , [ , ! , i l l  ,,,T,‘: 1rp n m a r  - t -PClc??-Pr lncP P C  l ,7rrI-l  Q z 1 c  R I I I I - I < .  I n r r  $-P..-~,-.--O+”>..-- Z 7 - - - 2 L ’ l 2 L - -  
t o  -65”F, and a b r r t t l e  p o i n t  of -9S”F (Ref 7 ) .  The i n s t a i l z t i o n  tcchnique  
ha5 been s u c c e s s f u l l y  used on t h e  e x t e r i o r  s u r f a c e  of i n t e r n a l l y  p r e s s u r i z e d  
c y l i n d r i c a l  t i t a n i u m  p r e s s u r e  vessels and ori t h e  e x t e r i o r  s u r f a c e s  of 
e x t e r n a l l y  p r e s s u r i z e d  g l a s s  sphe res  (20,000 p s i g  e x t e r n a l  hydropressure)  w i th  
e x c e l l e n t  r e s u l t s ,  
I n  a d d i t i o n  t o  t h e  technique  desc r ibed  above, o t h e r  s enso r  a t t a c h -  
ment methods have been found accep tab le .  The main c o n s i d e r a t i o n s  are t h a t  
they  should n o t  s i g n i f i c a n t l y  a t t e n u a t e  t h e  stress wave, should n o t  b e  t h e  
s o c r c e  of stress-wave emiss ions  due t o  c rack ing  of adhes ives  o r  r e l a t i v e  motion 
bct~wcen the sensor a n d  test  speclmeii and shnrr ld  prolr7i.de good ccntacl: betxeen 
t h e  senso r  and the test specinen For exanpie,  s u c c e s s f u l  s enso r  a t tachment  
t o  a p r e s s u r e  v e s s e l  has been ob ta ined  by t h e  technique shown in Figure  6, 
where t h e  sensor i s  he ld  E o  t h e  chm15f.r b y  a wrap-arouLid r e t a h i n g  cord ,  
F igu re  6 a l s o  shows a teclzniyue used i n  t h i s  progrcm to  mourit S C ~ S O S S  t o  t!ie 
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tensile test specimen during testing; the  sensor being  retained against t h e  
specimen by a wrap-around coiled spring. In both instances, a light film of 
vacuum grease or machine oil i s  used hetwcen t h e  sensor and specimen. k 
cushion of acous t ic  foam is a l s o  p laced  between the re~a5niag df?vi.ice and t h e  
sensor to reduce extraneous no i se  sources to a minimume Although these pro- 
cedures are acceptable sensor-mounting techniques and are less time consuming 
in coinparison to the procedure previously descr ibed ,  they are more lFmicLed in 
application. 
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A. MATERIAL 
The Ti-GAS-4V material used in this program \$a:-; s u p p l f ? ~ ?  by the 
NASA Mam-& Spacec ra f t  Center, Houston, Texas l r o m  a d i s c a d e d  s?i:vicc- 
propuls ion-system p r o p e l l a n t  tank  manufactured by A l l i s o n  Div i s ion  of General 
Motors. The mater ia l  m e t  t h e  fo l lowing  chemical composition (wt %) 
requirements  : 
5.5/6.75 3 . 5 / 4 . 5  0,30 inax 0.0125 max 0.10 max 0.07 max 0.20 max 
The t o t a l  carbon p l u s  n i t r o g e n  p l u s  oxygen con ten t  a l s o  cannot exceed 0.30%. 
The material had been heat treated by A l l i s o n  8s a 1 /2- in . - th ick  f o r g i n g  by 
s o l u t i o n  t r e s t i l i g  i n  the rt-.g[on of  50 t o  6O"T' k d c w  LEE I > c . t s  tr~~.isiiis (apprc?xi-- 
2.- - * -  - -7 y-3 + - ~ . r n n o l r r , + j ~ ~ n  s r r S  ,qpi j ,p :+f ~ ~ ~ r o x f ~ a & l y  - - I C ' . n n ,  
3 -  v l ~ I U L b ~ ,  & I + "  a,, .._-__ 
1000°F f o r  8 hours  a 
w e i d  stress r e l i e v e d  at npproxii , latcJy ZOO0 OF' a 
p r o p e r t i e s  as detcriniried by  A l l i s o n  and NASA-KSC 'r i n d i c a t e d  the m i c r o s t r u c t u r e  
t o  b e  equiaxed a lpha-be ta  with a g r a i n  s i z e  of AS'I'M 5 o r  f i n e r ;  the u l t i m a t e  
and y i e l d  s t r e n g t h s  t o  b e  nominal ly  170 t o  175 k s i  and 160 t o  165 lcs i ,  
r e s p e c t i v e l y ;  and t h e  p lane  s t r a i n  f r a c t u r e  toughiicss (determined u s i n g  
O.OGO-in.-th.ick PTC-tensile specimens) t o  b e  approximately 44  ks i - in .  'I2. The 
tank had seen  approximately 250 s e r v i c e  c y c l e s  wi thou t  f a i l u r e  since 5-ts ac' i i-  
v a t i o n  i n  1965; this s e r v i c e  inc luded  approximately 1000,hours of  exposure t o  
W204 and 4 hours  or' exposure to n?ethl a l c o h o l .  The maximum stress dur ing  t h i s  
s e r v i c e  pe r iod  was judged. by NASA ts be  spproximateLy 140 ?:si. Nondes:rructive 
i n s p z c t i  cn by NASA of the t e s t  par:e3s supp l i ed  for eira?.uatiora a t  A e r a j e t  
revea.Led neither p i c z i n g  ?:or s t r e s s - c o r r o s i o n  c rack ing  fram the p r i o r  s e r v i c e  
h i  s t o  r j r  
F o l 1 a : ~ i q  f a b r i  e n t i n g ,  uhe 0 .CCO-irt,--'rllick thnk 
TtecT:;?naS c d  an:! mi:talI.uryicnI 
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I V ,  Stress-Wave Emission C h a r a c t e r i s t i c s  Ccont.) 
B. TEST PLAN 
Two t h i c k n e s s e s  (0.030 and 0.060-in.)  were t o  be t e s t e d  wi th  t h r e e  
f law shapes i n  each of t h r e e  test media; v i z . ,  ai-r, d i s t i l l e d  water i n h i b i t e d  
wi th  sodium dichroinate (500 ppm) and methyl a l c o h o l  a The part-through-crack 
(PTC) t e n s i l e  specimen des ign  used f o r  t h e s e  tests i s  shown i n  F igu re  7.  The 
0.0 30-in - t h i c k  material was ob ta ined  from t h e  0 06O--in. - t h i c k  o t ock  by machin- 
i n g  mater ia l  e q u a l l y  from bo th  s i d e s  of t h e  test specimen i n  t h e  gage s e c t i o n .  
The 0.060-in.-thick specimens were t e s t e d  in t h e  as-received c o n d i t i o n ;  t h e  
only s u r f a c e  preparation was a l i g h t  s and ing  i n  t h e  gage s e c t i o n ,  
Defec t s  w e r e  i n i t i a l l y  in t roduced  by e l e c t r i c - d i s  charge machining 
(Eloxing) a t i n y  s l o t  i n  the s u r f a c e  of each tests p i e c e  us ing  a chisel-shaped 
tungs t en  e l e c t r o d e .  By v a r y i n g  t h e  d i a r . i e ~ c r s  of c.7:ectrcde (1 /8 ,  1 /16 ,  and 
1/32 i l l .  the cf tilfz iZLi.!:i21 defet:t IddS . v a i - i ~ ~ ,  'rile E I ~ X C : ~ ~  i i i l b ~  l47er2 
then sharpened by Fat igue cyc.nng eacn spccrmcn 111 C ~ I ~ L  Y V e L  ' J e I I L L L l g *  L I I t i '  
w a s  accomplished u s i n g  a electrodynamic shake r  t a b l e ,  Table I l is ts  t h e  sample 
number t h e  corresponding "Elox" notch c o n f i g u r a t i o n  and f a t i g u e  c rack ing  d a t a  e 
A f t e r  f a t i g u e  p rec rack ing ,  t he  specimens were t o  be t e s t e d  i n  t h e  fo l lowing  
manner: (I) Load i n  a s p e c i f i e d  environment t o  a g ross  stress of LOO k s i  f o r  
a minimum of 4 lir; (2)  F a t i g u e  c y c l e  t h e  test p i e c e  i n  a i r  t o  o u t l i n e  any slow 
c rack  growth t h a t  may have occurred i n  s t e p  (1); (3) Reload t o  a gross  stress 
of 125 k s i  and h o l d  f o r  a miniinirm of 4 h r ;  ( 4 )  Again f a t i g u e  c y c l e  t o  o u t l i n e  
any s l o w  c rack  growth t h a t  may have occurred i n  s t e p  (3); (5) Reload t o  a 
g ross  stress of i 50  ltsi and ho ld  f o r  a minimum of 4 h r ;  (6) Fa t igue  cyc le  t o  
o u t l i n e  any slow crack growth thar. xay have occur red  in s t e p  ( 5 ) ;  and f i n a l l y ,  
(7)  F r a c t u r e  hhe speciiven i n  a i r  by con t inuous iy  i n c r e s s i n g  the load  Lo lciil-ure. 
1x1 tke f i r s t  t e s t  (Sample Nc. 1, 0,060-in.  t h i c k )  t t  w a s  found t h a t  it 
w a s  n o t  p o s s i b l e  t o  d i s t i n g u i s h  the var ious  are25 of slow crack growth by l i g h c  
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i 
In 
N 
Bi 
0 
M 
cl 
I P 
4 
--P 
FATIGUE PRECRACKLNG PA 
Fat igue - Cyc le  _1 
Sample Elox Notch Crack Length Numb e P 
(2c) in.  Load, ksi o f  Cycles  - _y___( No ca Gal inD 
( 0 e 0 3 0- I N  y ‘IR T CK SPEC INENS)  
I 0,003 0.025( a) N A ( b )  N.8 
2 0 -003 0.026 NA NA 
3 0,008 0,070 lbo fatigue c racks  
4 0,003 0,027 NA NA 
18 -0 15 900 5 0,009 0,041 
6 0.005 0.030 15.0 21 850 
16,7 26 200 
17.7 28,4GO 
20,6 21,600 
NA NA 
17.7 19,440 
20-6 10 300 
21,o 21 9 000 
7 0.003 0 e 023 (a) 
a 0,005 0.039 
9 0,003 0 * 022 
(0.060-1M~- THICK SPECIMENS) 
1 c) .02L 0,098 
2 0,019 0,084 
3 0.02L 0,387 
4 0.022 0.067 
5 0,021 0.047 
6 
7 
33 R 4 
48,7 
46,4 
NA 
46 - 4  
33,4 
35.4 
51. .6 
30-9 
33.4 
35.4 
33.4 
46-4 
35,4 
33-4 
35-4 
33,4 
30.9 
0.026 0 D 080 30.9 
28-4  
36,O 
0,023 0,051 30 -0 
.. . 
I - * .  
0,022 
0 0 021 
0.051 
0,083 
17 * :wc; 
5 *.<<):I 
3 -7 $, 800 
./ ,...-,A 
P _- .’ - -” 
NA 
32,400 
27 750 
21 600 
14  100 
74 800 
17 500 
43 200 
27 900 
26,600 
27 ; 750 
80 000 
25,000 
34,400 
20 * 000 
24 400 
167,500 
149,000 
175,000 
Fat igue  Crack 
Dimensiorrs - 
Depth Length ‘ 
0,0298 0,350 
0.024 0,156 
0.027 0,234 
0.022 0,169 
0.018 0,153 
0,028 0,260 
0,019 0.192 
0,022 0,173 
0,038 0,222 
0,036 0,156 
0,034 0.109 
0.037 0,138 
0,030 0.091 
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IV, B, Test P l a n  ( con t . )  
microscopy; e l e c t r o n  f r ac tog raphy  had t o  b e  used t o  d i s t i n g u i s h  between t h e  
bands of environmental  slo:,: c r ack  growth and f a t i g u e  craclciizg. 
e l e c t r o n  fracrography f o r   his purpose  would have been p r o h i b i t i v e  e 
s i n c e  t h e  speciinens were t o  be  f a t i g u e  cycled four t i m e s ,  the  f l a w  woiiid Iiave 
tended toward t h e  same shape and s i z e ,  t h u s  e l i m i n a t i n g  the i n i t i a l  d i f f e r e n c e  
i n  f l aw  shape. 
The c o s t  of - 
Also ,  
The expe r i ence  w i t h  t he  f i r s t  test specimen d i c t a t e d  a major  change 
i n  tes t  procedure e S i n c e  the technique of f a t i g u e  c y c l i n g  after environmental  
exposure w a s  Found t o  be iniFr-actical i n  t h e  t l e s t i r~g  o f  such t h i n  PTC-tensile 
specimens, i t  was necessa ry  t o  change t h e  procedure so  t h a t  i n s t e a d  of  l o a d i n g  
each specimen t o  p r o g r c s s i v e l y  h i g b e r  stress (300  ksi, 125 k s i ,  and 1 S O  k s i ) ,  
each specimen was loadcd ' to a s p e c i f j e d  stress i n t e n s i t y  (KI) v a l u e  that was 
bascd on t h e  esti.rnated critic& 5: :: l .J?fIk?ZS%C>T i c lc tor ,  3 E 2 t h y l  Ll.7CC.llOl 
o n 3 7 7  rn'lmfJT1I ~ rj 1 I LCLsL 3"C-LL'l--*'LI 1 U*AL,U .,*-* ---- - _. .9 ' > - - - ! - "  Le.. I.-.,?.<. rnc, ly ,q70cc - . - .  , , .  
o f  t h e  stress level used ,  Eowe\jer9 i-n 3.Li air OT inh: ' ibLt~d w ~ ' ~ c ; T  ei~vL,onns?1~t, 
w i t h  one anomaly, none o f  the test; specimens f a 3 l e d ;  subsequent- t o  prfi longed 
pe r iods  of slress-environment exposure t h e s e  spec inens  were f a i l e d  by r a i s i n g  
t h e  load t o  t h e  cr i t ical .  stress i n t e n s i t y ,  - 
Tr?ble I1 l t s  t s  specinisn iiunbers tes t  environment and corresponding 
load h i s t o r y .  F igu res  8 and 9 i l l u s t r a t e  the f a t i g u e  crack and f r a c t u r e  f a c e s  
f o r  t h e  0,030 and 0.06O-in.-thick sp~?cIr~ezas,  r e s p e c t i v e l y .  It should be noted 
t h a t  two cop lana r  f a t i g u e  c racks  developed i n  Specimeiis N a .  3 and 6 (0.030-in. 
t h i c k  m a t e r i a l )  e 
The p a r t - t l i r o u ~ ~ r - c r a c k  tcss i le  spcciir2n i n c o r p o r a t e s  a prcf law 
conf igu ra t ion  w l i i ~ k  h a s  been s i i c ~ ~ a  til have r e s u l r c d  in t he  service and hydro-  
tes t  Eailurci-: o f  nuinc~or.is pret;sure vessels, Thus ,  w i t h  t h i s  specimen, i t  i s  
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Sample No. Tested i n  Methyl Alcohol 
1 
4 
i 
6 
Tested in Cistiiled Water P l u s  5.08 PPM Sociiuiil DichrGmate 
9 
j 
5 
8 i 
r Tested in A i r  
7 
I 
i 
Sample No. Tested in Air 
1 
3 
f 
L 
i 
f 
c 
I 
4 
Tested in Distilled \!dater plus  500 PPM Soc!ium Cic.hronlale 
2 
I , 
8 
, 
3 
L 
k 
6 
5 
Tested in ii’Mhyl Alcohol 
I V ,  C F r a c t u r e  Mechanics Considerat ions ( con t  ) 
p o s s i b l e  t o  d u p l i c a t e  i n  t h e  l a b o r a t o r y ,  stress-flaw-environment c o n d i t i o n s  
which are f r e q u e n t l y  encountered i n  s e r v i c e  f a i l u r e s  The f o l l o w i n g  r e l a t i o n -  
s h i p  w a s  de r ived  by Irwin (lief 8 )  for c a l c u l a t i o n  of stress i n t e n s i i y  values 
i n  part-th:-ough--crac~ tens-ile t e s t i n g :  
2 1.21 IT a P ~-2 
5 C  9 
where I a is  t h e  crack depth ,  I? i s  t h e  g r o s s  stress, and Q i s  a flaw-shape gara- 
meter ( s e e  F igu re  SO). 
T h e  s t i* t>ss- - in tens i ty  s z l u t i o n  f n r  a semi-cllj.pti.ca1. s u r f a c e  f l m  
f o r  f'lL3.t.J Jepti!:; 
h I --.  - 8 . -  .I -1 .- & i <, +h,, . f . , . ,  . --",  . 
', up b U  utl~l*b'1I-LIIK*Lr-y J L , , ' ,  V L  L A \ . _  ^_. -_ 
appl-%ed stress i n t e n s i t y  i s  rnsg,iiIil;d Lec3nse of t h e  c i fec t  of tlte Cree surface 
near the f l z i w  t i p .  This meam tIiat i n  thin-wal led vessels (ieee, v e s s e l s  where 
t h e  c r i t i c a l  f law s i z e  approaches o r  exceeds the wall t h i c k n e s s ) ,  t h e  i l a w - t i p  
stress i n t e n s i t y  can 3ttai.n the c r i t i c a l  R value a t  a f l a w  s i z e  at7hich is 
s i g r i i f i c a n t l y  smaller than  t h a t  which would b e  p r e d i c t e d  us ing  t h e  equa t ion  as 
de r ived  by Irwin.  Kobayashi (Ref 9 )  has developed 2 s o l u t i o n  f o r  deep surface 
flaws which are long  wi th  r e s p e c t  t o  t h e i r  depth ( a / 2 c  <0.30) 
(Kef LO) has  d e v e h p c d  a s o l u t i o n  f o r  s e m i c i r c u l a r  s u r f a c e  flaws ( i .e .  
a/2c = 0.5).  
magn i f i ca t ion  f t c t o r ,  PL p l o t t e d  a g a i n s t  t h e  crack-depth-to-thickness (a/B) 
r a t i o .  This  F; 0,- is  3 p p l j ~ d  <:o t h e  tirFgin;i Lr-iLa equa t ion  !-n ( > b i . , ~ i n .  tlie 
stress in t t zns i ty  f o r  dce? s u r f a c e  flaws, It is seen  t l iat  the m a p i f i c a t L o n  
LC 
and Smith 
The rssults are s h o m  i n  F i g u r e  11 i n  terms >of a stress i n t e n s i t y  
6: 
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IV, Stress-Wave Emission C h a r a c t e r i s t i c s  (cont , )  
D e  STRESS-VAVE EMISSION I ~ S ~ ~ ~ ~ ~ T A T ~ C ~ ~  AHD DA A ANALYSIS 
The i n s t r u m e n t a t i o n  used t o  acquire s t r e s s -vave  emission d a t a  i n  - 
t h i s  program i s  shown s c h e m a t i c a l l y  i n  F igu re  12 and c o n s i s t s  oE acce le romete r s ,  
a m p l i f i e r s  f i l t e r s  t a p e  r e c o r d e r s  a frequency s w i t c h  and 211 elect l ronic  
coun te r  and d i g i t a l  p r i n t e r .  The accelcronieters were a t t a c h e d  t o  t h e  specimens 
u s i n g  t h e  l i n e a r  fo rce -co i l ed  s p r i n g  t echn ique  shown in Figure  5 .  
A s  i n d i c a t e d  i n  F igu re  1 2 ,  two b a s i c  systems were empl.oyed f o r  
ti tress-wave emission d a t a  a c q u i s i t i o n  The electron.%c counter system was 
employed f o r  a l l  tests and provided a real--ti.mc automatj-c count 01 the stress- 
wave einission rate throughout  each  tes 6: per iod .  Typ ica l  stress-wave-emission 
d a t a  froin the  c o u n t e r - p r i n t e r  is  shoxm i n  Tzblc 111, 
o u t p u t  ~ O K  noise signals, T h e  p u l s e  o u t p u t  i s  provided as an i n p u t  t o  fihe 
e l e c t r o n i c  c o u n t e r ( s )  a which then  c o l l e c t  m d  t a b u l a t e  t o t a l  count and sate 
o f  stress-wave-emission d a t a .  
The second d a t a  a c q u i s i t i o n  system was employed d u r i n g  t h e  t e s t i n g  
T h i s  a c q u i s i -  of  s e l e c t e d  specimens exposed t o  each of  t h e  test environmcrts. 
t i o n  system also used the airiplif ication an.d t i l - t e r i n g  ccnqm~~st t s  b u r  L L C L ~ -  
pora ted  magnetic t ape  recorder, T h e  mair;nctic tanpc. recordir ,gs  were made 
e i t h e r  by d i r e c t  r e c o r d i n g  o r  by r e r e c o r d k g  f ~ o ~ ~ i  a tape-loop recorder ,  
a 
e 
b 
c 
d a 
B 
8 
b 
TABLE Ill: ---- 
COUNTER DATA FROM PRINTER 
SAMPLE NO. 1. 0.030-IN.-THTCK, TESTED IN METHYL AZCOIIOL 
Ti- 6AI-  4V ' ALLOY 
Ten Second 
Interval 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
I1 
12 
13 
I4 
1s 
16 
17 
18 
20 
21  
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1  
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
-----^ .- 
..A 
-, 
SWE Per Ten 
Seconds 
4 
5 
1 
3 
2 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
I 
0 
0 
0 
2 
0 
0 
0 
0 
0 
I 
I 
0 
0 
0 
2 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
I 
n 
1 15 
2 2 
3 0 
4 2 
5 2 
2 6 
\ 
7 3 
c 
Average SWE Minute SlE Per Average S a  
per Second I n t  e r v  a I s M i  n u t  e P e r  Second 
O e 4  
0 ,5  
0-3. 
0,3 
0 - 2  
0 
0 
0 
0 
0,2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.1 
00% 
0 
0 
0 
0,2 
0 
0 
0 
0 
0 
0.1 
O w 1  
0 
0 
0 
0,2 
0 , l  
0 
0 
0 
O 
0 
0 
0 
0 
0 
( I  
0,25 
0,03 
0 
0,03 
0,03 
Ten Second 
I n t e r v a l  
48 
49 
50 
51  
52  
53 
54 
55 
56 
57 
58 
59 
GO 
01 
6 2  
6 3  
64 
65 
66 
67 
68  
69  
7n 
1 . L  
7 2 
‘7 3 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
8.5 
86 
87 
88 
SWE P e r  Ten 
S e co nd s 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
0 
2 
2 
0 
0 
0 
0 
0 
1 
0 
1 
0 
0 
1. 
1 
0 
0 
3. 
1 
1 
28 
13 
12 
10 
13 
47 
Average SWE Minute SWE Per  Average SWE 
pe r  Second ~ n t  e r va  Ls Mi nut  e Per  Second 
-II__ur_LI _II_ 
0 7 3 0,05 
0 
0 
0 
0 
0 
0 
0 
0 
0,3 
0 
0 
0 
0 
0 
0 
0 e 2  
oe2 
0 
0 
0 
0 
0 
0 
0 ,  3” 
0 
0 
Om1 
0,1 
0 
0 
0*1 
0. a 
0-3. 
2 - 8  
I 1  I 
9 0 0 
10 3 0,05 
21 4 0 0 07 
1 2  s. 
13 3 0.05 
0,73 
IV, D, Stress-Wave Emission Ins t rumen ta t ion  and Data Analys is  ( c ~ n t * )  
During longt ime tests, the c o s t  of  t ape  and t h e  p o s s i b i l i t y  of running a test  
beyond t h e  t i m e  r e p r e s e n t e d  by  a s i n g l e  reel of t a p e  r e q u i r e s  t h a t  t h e  closed-- 
loop  system of  d a t a  a c q u i s i t i o n  b e  uscd.  Th i s  system c o n s i s t s  of  a loop-to- 
r eco rde r  reproducer  and a remote-control led t a p e  r e c o r d e r ,  Tjin l o o p  reco;-der 
i s  run. cont inuous ly  and t r a n s f e r s  the stress-wave d a t a  recorded  on t h e  l o o p  
t o  t h e  rernotc-contro2led t a p e  r e c o r d e r  whenever a signal i s  recorded  above a 
s e l e c t e d  aizpl i ixde,  I n  t h i s  manner, long-time tests can b e  compressed on to  
t a p e  r eco rd ings  of a r easonab le  l eng th .  Pe r iods  i n  which no stress-wave 
emiss ion  d a t a  occurs  are n o t  t r a n s f e r r e d  t o  t h e  remotely control2.ed r e c o r d e r  a 
Shor te r - te rm tests o r  tests under cons tants2.y changing condj- t ioas  such as 
dur ing  r i s i n g  load per iods  are u s u a l l y  recorded  d i r e c t l y  on magnetic t ape  
wi thou t  use of t h e  tape-loop r e c o r d e r ,  A I S  t aped  d a t a  are then played back 
and recorded ,  f o r  a n a l y s i s  through a l i gh t -bean  galvanometer o s c i l l o g r a p h i c  
r eco rde r  onto  p l ~ o t o g ~ - & p h i c  paper;  ,a. typical .  o s c i l l o g r a m  i s  shown i n  T i  gure 13. 
‘ i ’ k -  c - I ~ . ~ , c . ~ ?  r f -  I I ‘ r c - r ! t t n n r T r  ’l-nr:i:‘~+iqe~ 0 1  I l i r a  I ~ - L . U L U - - ” & ~ ~ ~ ~ ~ - ~ , .  D Y 3 L c . L I  
i s  maintained as high a s  p0ssibl.c: 1-0 prcscn-e the f ide lS  t y  o f  the o r i g i m t ,  
signal. I t  should  be rioted, hawever, that  the stress-wave e d s s i o n  i t s e l f  
i s  a t r a n s i e n t  xave oE a p u l s e  n a t u r e  and i t s  recorded  q n a l i t y  may b e a r  l i t t l e  
r e l a t i o n s h i p  t o  a system whose f requeacy  response  i s  determined by a p e r i o d i c  
f u n c t i o n  e 
E. DISCUSSION OF RESULTS 
1. Cr i t ica l  S t r e s s  Intensi t ) i_  
The c r i t i c a l  strcxs i n t e n s i t y  (K- vrrlues ob ta ined  for thc 
LC 
0.030 a i d  O.QGO-in,-mick m a t e r i a l s  are shorn. i n  Table 16  arid averaged 4 3 , 5  
ks i-in. an.d 45.9 ks i - in .  r e s p e c t i v e l y .  Ttiese va lues  agree well. witii  
t h e  value of 44 L,s-L-ii~.~/~ ob ta ined  by NASA f o r  t h e  0 ,060- in , - th ick  mater ia3 
1/2 
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68 see P r i o r  to Fai.Iure 
133 ksi Gross Stress 
, 
43 sec Prior to F a i l u r e  
F igu re  1 3  e Oscil logram of  Specimt.11 No. 7 (0  I 060- in. -Th ick )  GA1-4V 
Titanium A l l o y  T c s t c d  i n  Air, I;'ailed i n  l i i s ? n g  Load 
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LV, E ,  Discussion of R e s u l t s  ( con t . )  
used i n  t h i s  program. From Table 11, i t  is  a l s o  appa ren t  t h a t  t h e r e  w a s  no 
s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  IC va lue  as a f u n c t i o n  of t e s t i n g  i n  e i t h e r  
an a i r  o r  i1?4?ibited water environment. This  wouLd be expected s j n c e  previ.nus 
strtdi-es (Ref 11) have shown t h a t  while  environment nay vnxy thr? r a t e  of  slow- 
crack growth, i t  does n o t  a l te r  the c r i t i c a l  combination of stress and c rack  
I C  
si.ze r e q u i r e d  f o r  f a i l u r e .  Since t h e  measurement c f  environmental ly  induced 
flaw e x t e n s i o n  i n  methyl a l c o h o l  would have r e q u i r e d  e l e c t r o n  f r ac tog raphy ,  
c r i t i c a l  stress i n t e n s i t y  v a l u e s  were n o t  c a l c u l a t e d  f o r  tes ts  i n  t h i s  
environment 
The apparent  s t r e s s - i n t e n s i t y  va lues  of  43.5 and 45 .9  lcsi-in 1 / 2  
f o r  t h e  0.030 and 0.060-in.-thick m a t e r i a l  may n o t  b e  v a l i d  KIc values accord- 
i n g  t o  a cr:i t e r l o n  set  down by Brown and Srairley (Ref 12)  ; their c r i t e r i o n  
s pe c i  f i e  s t5 3 t t1-1 e s pe c:im ti ;h ickn , ~ i , ~ ~ ~ t  3i1val o r  excr?ed 2 , 5  (K /F } ~ C ! T  2 
I C  t y  
- _ _ _ -  * ? i' u 2  -,-A - q r - i n l r l  c+-yo>-, 
i n  i f -  
of 16C k s i ,  the minj. ixin th ick ; i iws  sic):il-d b e  0 .l 'r--in. ; f;hiis where t h e  t h i c k n c s s  
of ina te r ia l  ~vaila5le fur t e s t  i s  OJILY 0 .05C- ine ,  i c  i s  K W ~  p o s s i b l e  t o  o b t a i n  
a v a l i d  f i  v a lue  acco rd ing  t o  this c r i t e r i o n .  However, i n  a r e c e n t  s tudy of 
6A1-4V t i t a n i u m  as used i n  t h e  SZ-in,-dia second-stage Minuteman r o c k e t  motor 
I C  
,? 
case (Ref 13) i t  was observed t h a t  t h e  2 , 5  (li /F )" c r i t e r i o n  i s  t o o  
I C  t y  
res t r i c t t v e  i n  PTC-tensile t e s t  mc.-asu-renents o f  ii Likewise t h e  c r i t e r i o n  
h a s  been shown t o  be o v e r l y  conse rva t ive  i n  PTC-tensile tests of grade-200 
18% n i c k e l  rnaragtng steel  ( K e f  14) e 
program (Ref 13) when t h e  da+a from 0 I) 125-in . - thick,  shallow-cracked PTC- 
t e n s i l e  specimens were p l o t ~ e d  on p r o b a b i l i t y  paper  ( s e v e r a l  huzidred tests) 
t h e  popu la t ion  mean vaLue of K was 3 3 , l  k s i - i n ,  w i t h  a stanc?~:-d de-\fj atLs:i 
of L , 6  ks<--he 
I C  * 
From tlrc MPiiutemm d a t a - c o l l e c t i o n  
1 / 2  
IC r i 2  
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2. E f f e c t  of  Applied Stress I n t e n s i t y  (Bpi) 
.- I__- lll_ 
The a p p l i e d  si-zess i n t e n s i t y  d a t a  irk TabLe TI: x L d  p l o t t e d  i r l  
F igure  1 4  
c rack ing  of the Ti-Gk3.-4V a l l o y ,  
environment (except  f o r  Specimen 8, 0.03-in. - th ick)  ne i ther  s 2 o r ~ -  crack growth 
n o r  faiLure was observed du r ing  ho ld  periods of up to 18 hours  at app l i ed  
stress i n t e n s i t y  values of  up t o  92% of K (0.92 In m'r-hyl a l c o h o l ,  on 
t h e  other  hand, t h e  t i i n c  to fa i lure  was found t o  b e  dependent Lipcii tlic app l i ed  
stress i n t e n s i t y  level, Note,  a jso ,  t ha t  i n  t h e  semi-log p l o t  of F igure  24, 
i t  was p o s s i b l e  t o  draw a s t r a i g h t  line through al.1 b u t  one d a t a  p o i n t ;  more- 
over ,  t he  s t r a i g h t  l i n e  e x t r a p o l a t e d  t o  K /K = l. The  01x2 d a t a  p o i n t  o f f  
t h e  s t r a i g h t  l ine  was from S p c c i ~ ~ ~ x i  S o ,  6 ~ ~ ' t i i c h  involvci: ';wo c.c-,,i di 
i l l u s t r a t e  the pronounced e f f e c t  of eizvironiiient on stress c o r r o s i o n  
When t e s t e d  in a i r  o r  i n h i b i t e d  water 
I C  
Si Zc 
r* 1 . q r - l f $  xp.lni*r):c-Liiiane?v 0, 2--i,-,* ap 
a. Laboratory e v a l u a t i o n s  
Typica l  p l o t s  o f  s t ress-wave count ra te  (SWE/tiime) f o r  
t h e  va r ious  materials aizd environments i n v e s t i g a t e d  are shown i n  F i  gures  15 
through. 21. The stress-wave daez were c o n s i s t e n t  w i th  the f a c t  that: i n  a i r  
and i n h i b i t e d  water, w i th  one exception;';*, t h e  test specimens d i d  n o t  f a i l  
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IV, E ,  Discuss ion  of Resu l t s  ( con t . )  
under  s u s t a i n e d  l o a d  f o r  l ong  pe r iods  of t i m e ,  
p l o t s  o f  stress-wave count ra te  showed no evidence  of crack growth; whereas, 
i n  methyl a l c o h o l ,  t h e  s t ress-wave data produced s t rong  ev idence  of c rack  
growth 
In these  environments ,  t h e  
111 Figures  15 through 21, tlte d a t a  are presented i n  two 
ways; one i s  a p l o t  of strcss-wave count rate (SWEl t ime)  vi?~:ius time a t  h o l d ,  
and t h e  o t h e r  is  the cumulat ive n u m b e r  of stress waves versus t i n x  a t  hoLd. 
Both t y p e s  oE d a t a  p r e s e n t a t i o n  p rov ide  a bzsis f o r  t e rmina t ing  a tes t  p r i o r  t o  
f a i l u r e ,  The p f o t  of SI.JE/tfnie ve r sus  time a t  ho ld  i s  use fu l  i n  determining 
t h e  cr i t i -cal  SNE r a t e  pi-sceidin,g f e i l u r e .  The p l o t  of cumulat ive SWE versus 
t i m e  a t  h o l d  providcs  a means f o r  d i - s t ing~t i shbng craclr growth from background 
noise  and d e t e c t i n g  the o n s e l  of i n s t a b i l i t y ,  I f  the cumulat ive SWE plot has  
a cons tan t  c , l o p  the dztecced sigtic;Is cox  'L? a t t r i b u r e d  t o  background noise; 
. .  
WLL.. . L >'- A ; - -  ~ * ~ , ? T \ T J  I q ~ L I ~ ~ > ; ~ ~ ~ ~ ~ ~ ~ ~  cyc:c'<- ;:-~x:-ii is 0 
As crack  growth corLt.i:zili-s ?:!;e s . L ~ F ~ " .  'JL ~ ~ 1 1 ' ; ;  . .__ "' ' - - - ~ - ~ ~ c c z  cs-rn(ll leliLLaAL, 
, - 
^ .  
uir t i1  it is nea r ly  vcrt-.ical. at fatilare. In s.ddLtiun, i:~ practice whcre a r e a l  
time dzt-a p r i n t o u t  SWAT systein,  irzcludiizg t r i a n g u l a t i o n  back to t h e  source of 
t h e  emission,  would b e  employed, t h e  rsndom nature  of  b a c k g m m d  n o i s e  would 
b e  e a s i l y  d i s t i n g u i s h ~ b l e  f r o n  t h e  s i n g l e  source of emissions a s s o c i a t e d  wi th  
t h e  growth of  a flaw. Observat ion of t h e  d a t a  on an o s c i l l o s c o p e  during a 
t e s t  w o ~ ~ l d  also d i s t i n g u i s h  crack induced stress waves f r o m  n o i s e  
The data i n  F igu res  18 through 2 1  i n d i c a t e  a compauztivelj- 
l a rge  nurnber of stress waves is  sometimes observed a t  t h e  2 t a t - f  01 h o l d  which 
g radua l ly  decreased  i n  nuinber with t i m e ;  t h t s  i s  thought  t o  be  due t o  i n i t i a l  
c rack  r i p  adjusmenl: r e c u l t l n g  i n  b l u n Z i n , g  i>f the crack and 
i n  most OF t h e  IaboraLnry t e s t s  c o ~ d u c t e d  at A s r o j e t  where SWL: h::vc? L 
employed t o  uianitor frsctur-c. I n  s t r u c t u r i l  oetals ,  
I V ,  E ,  D i scuss ion  of R e s u l t s  ( con t . )  
The SWE d a t a  i n  Table IF1 is  t y p i c a l  of t h a t  ob ta ined  
w i t h  t h e  e l e c t r o n i c  c o u n t e r - p r i n t e r  d a t a  a c q u i s i t i o n  system and w a s  ob ta ined  
from Sample  No 1 (0.030-in. t h i c k ) ,  which was t e s t e d  i n  m-thyl. a l c o h o l ,  This  
d a t a  is p l o t t e d  i n  F igu re  19 ,  and i l l u s t r a t e s  t h e  SWAT sYsr;ein s e y k s i t i v i t y  and 
t h e  d e t a i l e d  in fo rma t ion  t h a t  can b e  ob ta ined  on c rack  growth i n  I d > o r a t o r y  
test  specimens. F igu re  19 a l s o  shows the cumulative stress-wave count f o r  
Specimen No. 1, which f a i l e d  af ter  approximately 15 minutes of exposuze t o  
methyl a l c o h o l  a t  an a p p l i e d  stress i n t e n s i t y  of  3 5 . 4  ksi-in.1/2.  
p l o t  of t h e  cumulative eo-at ' ,  i t  can b e  seen  t h a t  t h e r e  are d i s t i n c t  changes 
i n  s l o p e  b e f o r e  rhe f i n a l  d r a s t i c  change a t  the oiicet of i n s t a b i l i t y .  The 
zero-slope p o r t i o n s  o f  tlie curnulative-count curve are cons i s  t e n t  w i th  t h e  ze ro  
count-rate  (SXE/tirmc,) o b s e r v a t i o n s  The peaks i n  SWE/time corresponding t o  t h e  
r i s i n g  p o r t i o n s  of the cumulative-count curve may be e l  t h e s  no i se  ( d e t e c t e d  
From the 
beCatISC of  the hi$ sensiti~ity of the S ~ S ~ C ~ P I )  c r > c % c . - i ~ i : u ~ c d  s t r e s s  : ~ Z V C & Z  a 
i n g  count r a t e  and e.x?onc.ncia% c ~ ~ c . 1  a t L ~ < c  t o c n t  associated wish ia.iA2.i3re ;
obscrva8ion 02 t h e  dtlfa OR an c i ~ ~ i l l ~ ~ ~ ~ p e  w o d d  a l s o  d i s t i n g u i s h  c~.;ick--ir;duced 
stress waves Erom nciise, The p o i n t  (a )  i n  time corresponding t o  t h e  r a p i d  
i n c r c a s e  i n  count  rate and cumitlntkve count i s  taken to  be the onset  of 
d e t e c t a b l e  c rack  growth bj7 §WE and provides  s u f f i c i e n t  t i i r e  t o  terininate 
t e s t i n g  o r  vessel p r e s s u r i z a t i o n  p r i o r  t o  f a i l u r e .  
I V ,  E ,  D i scuss ion  of R e s u l t s  ( c o n t . )  
i n  t h e  macrographs shown i n  F igu res  8 and 9 f o r  specimens exposed t o  a i r  and 
i n h i b i t e d  water, confirming t h e  stress-wave-emission d a t a  e 
Figure  1 7  w a s  c o l l e c t e d  from data run d u r i n g  t h e  day when ad.j:iccTit l z b o r z t o r y ,  
machine shop,  and weld shop noises were c h a r a c t e r i s t i c  of i1L)ria::l o 
c o n d i t i o n s .  The drop i n  count rate toward t h e  end of t h e  t es t  r e p r c s e n t s  d a t a  
obtained. e a r l y  i n  t h e  morning before  t h e  laboratory, machine shop and weld 
shop w e r e  i n  o p e r a t i o n .  
Tlie f i r s t  p a r t  o f  
A s  i .ndicated p rev ious ly  tlre random naiure of this back- 
ground n o i s e  could e a s i l y  be distinguished f r o n  t h e  SWE a s s o c i a t e d  w i t h  f law 
growth a t  a s i n g l e  sou rce  trlirotagii t he  t r iangmbatioi t  c a p a b i l i t y  of  a r ea l  time 
SVAT system; o b s c r v a t i o n  of  the s igaa l :~  on an o s c i l l o s c o p e  dirring the  test 
could be similarly ciqloyed t o  d i s c i  aguish between t h e  t w o  wave forms 
induced slow crack growth as e v i d m c e d  by stress-wave er??ission I)
18 through 2 1  i t  i s  e v i d e n t  t h a t  t i iefe  i s  a crriti.ca1 stress e i i ~ i s s i ~ n  rate 
preceding f a i l u r e  ./ The cumulative-count p l o t s  i l . l u s t r a t e  1 2 ~ ~  c r ack  g r o ~ i t h  may 
b e  monitored by observing tlre change i n  t h e  slope o f  t h e  c u ~ v e ~ .  I n  all 
i n s t a n c e s ,  t h e r e  i s  an i n c r e a s e  i n  s l o p e  from a r e l a t i v e l y  cons t an t  va.iue t o  an 
e x p o n e n t i a l  s l o p e  which is a precur.qor t o  f a i l u r e .  
From F igures  
IV, E ,  D i scuss ion  of R e s u l t s  ( con t . )  
Specimen No. 6 (0.030-in,-thick), which. f a i l e d  a f t e r  approximately 2 3  minutes 
of exposure t o  methyl a l c o h o l  a t  an i n i t i a l  a p p l j e d  stress i n t e n s i t y  of 
(80 l c s i  g ross  s t r e s s ) .  Note that in t h i s  s p c t n e n ,  thcirc l / 2  24.3  lisi-iil 
appears  t o  b e  a more o r  less line2-r increase in cumu~airive 5'.K C O : J ~ ~ . -  ( 2  -_ to b)  -
followed by an i n c r e a s i n g  ra te  from - b t o  failure, I f  a nronitoring s y s t e m  were 
used t o  d i f f e r e n t i a t e  t h e  stress-wave count  w i th  r e s p e c t  t o  t i m e ,  t h e  changing 
s lope  could b e  used as a p r e c u r s o r  of crack i n s t a b i l i t y .  Th i s  curve i n d i c a t e s  
an i n c r e a s i n g  rate of s t r e s s - c o r r o s i o n  c rack ing  s t a r t i n g  a f t e r  &~oirt 720 seconds 
(12 mjnutcs) of exposure which could also b e  t h e  primary i n c u b a t i o n  t i m e  a t  
this stress i n t e n s i t y  level .  
From t h e  s t a n d p o i n t  of  stress-wave emission c h a r a c t e r i z a -  
t i o n ,  t h e  f i n a l  i n s t s h i l i t y  was similar  f o r  a l l  t h r e e  environments s ince i n  
each a.n increasing stress-w3ve-ernission count ra te  and .an iizcrea.s%ng stress- 
wave ampli tude was observed as f a i l u r e  was approached * The incrcased count  
r2t.e is  slzo~an in F i g ~ i r e s  18 through 2 1  f o c  fa i lure  in t h e  
environment, Figure 1 3  a lso  s h o t ~ s  this e f f ec t  a n d  the act: ? 
SWE ampli tude which was ckszrwJ. i r n n ~ d l a ~ e l y  p r i o r  to fa." Lur-c riurlng ficld in 
the Ezthyl  alcohol. enviwcnmerrt 2nd r i s i n g  l o a d  i n  t hc  air a i d  i . r h i l i c i - c i  i r s ~ c r  
environments 
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b .  Comparison with SWE Data froin Previous  SPS P res su re  
Vessel Tanlcs 
The SWAT system p rev ious ly  uccd d u r i n g  t h p  SPS f u e l  Lark 
tes t  provided a fu l l . -~sca le  output  f o r  an a c c e l e r a t i o n  (e) level of 0 . 3 g .  
Resolu t ion  t o  one-tenth of  t h e  0.3g value o r  a discernment of 0.036 could 
r e a d i l y  be accomplished. No f i l t e r i n g  was pkrEorined either p r i o r  t o  r eco rd ing  
o r  du r ing  playback of the tes t  d a t a  ' P'iaximum m a i l a b l e  charge amplifier g a i n  
was 550:l .  
In v e r i f i c a t i o n  o f  thc increased  s e n s i t i v i t y  requi red  t o  
d e t e c t  t h e  sma l l  ampli tude s t ress-wave emissions ~ t h e  d a t a  t a p e s  recorded clilr<.ng 
t h e  SPS f u e l  taiik t e s t  were reviewed. Data from t h e  f o u r  sensors nearest the 
f a i l u r e  r eg ion  were armlyzed i n  a v a r i e t y  of ways. I n  one method, the  d a t a  
was v i s u a l l y  observed on an o s c i l l o s c o p e  as i t  was played back through a f i l t e r ;  
i n  ano the r  way, the d a t a  was rerecorded through a l i g h t  Geam galvanometer and 
o s c i l l o g r a p h i c  r e c o r d h g  system, Stress-wave emissions were also counted 
thS0ilf;h u s e  o f  t k e  count ing  sy;tz;:i previous1;r . c r i 5 e d  and (:sed i i i  tliis y>t.nni*;;1;. 
IV, E ,  Discussion of R e s u l t s  (cont.) 
(1) The  r e s o l u t i o n  of stress-wave emissions d e t e c t e d  
d u r i n g  t h e  test  w a s  cons ide rab ly  improved 
(2)  The t o t a l  number of S I E s  cietec:;cd \?as ncival.Py sucl t  
g r e a t e r  t han  p rev ious ly  r e p o r t e d .  
have o r i g i n a t e d  from adhesive c r a c k i n g ,  
t o  t r i a n g u l a t e  t o  t h e i r  o r i g i n ,  
A p o r t i o n  of t h e s e  SWE may a l s o ,  however, 
No a t t e m p t  w a s  Eade dur ing  t h i s  program 
( 3 )  The nunber of s t r e s s  waves d e t e c t e d  by t h ~  senso r  
on the forward head,  t h e  f a i l u r e  o r i g i n ,  and t h e  n e a r e s t  a d j a c e n t  scnsor were 
h i g h e r  i n  count t han  a t  t h e  next  two sensor l o c a t i o n s .  For  exampl-e, a t  sensor 
l o c a t i o n  No. 1 (on forward head n e a r e s t  f a i l u r e  o r i g i n )  and a t  S C ~ O P -  l o c a t i o n  
No, 2 (nearest  t o  forwzsd head on the chqnber cyl-indpr) t he  stress-wave co imt  
* 1 ~ ~ ~ ~ ~ 1 o h  tile vresliuze ho ld  w m  90 axd 85 n?cpL\c? i v  
-- - . +  p o s i t i o n s  three anc 7 u m  L l l C  v l l s  _-_.._ - - * -  *'Ll cn? - i f  ~ ? T J , , G L C * u u r )  
Thus more strcss-wave e m i s s i o n s  of s m a l l  amplitude 
were o c c u r r i n g  i n  t h e  r eg ion  about  scnsor nun5er one where f a i l u r e  
occurred than a t  any o t h e r  l o c a t i o n  on the SPS f u e l  t ank ,  Tliesc stress waves 
were n o t  l c g ~  enough t o  be d e t e c t e d  a t  more remote sensor p o s i t i o n s  w i t h  the 
system s e n s i t i v i t y  i n  use a% t h a t  t i m e .  However, w i t h  t h e  new SWAT c a p a b i l i t i e s ,  
i n  such najor areas as sensor at tachment  t echn iques ,  s e n s i t i v i t y  a m p l i f i c a t i o n ,  
f i l t e r i n g  s n d  noise r e d u c t i o n ,  it is  p o n s i b k  t o  i n c r e a s e  t h e  r e s o l u t i o n  oE 
the SVE data  bo th  in real-time dtlring t e s t i n g  and  d u r i n g  clata playback. 
I V ,  E ,  Discussion of Resu l t s  ( c o n t , )  
p r e m i s e  t h a t  each w i l l  a s s u r e  t h a t  no d e f e c t s  l a r g e r  t han  a given s i z e  are 
p r e s e n t  i n  t h e  vessel as i t  e n t e r s  s e r v i c e .  T h e  specif-ied size i s  based on a 
knowledge of t h e  worlii.rzg stresses the y i e l d  st.rcngrii of the ~mTer.T.al and t h e  
f r a c t u r e  toughness of  t h e  m a t e r i a l ;  t h e s e  f a c t s  permit  c a l c u l a i l o n  of Llie si z c  
of flaw th3.t w i l l  b e  dangerous t o  t h e  s t r u c t u r e  o r  tankage.  
I n  s e r v i c e  where an adverse environment i s  Involved,  t h e  
t h r e s h o l d  stress i n t e n s i t y  f o r  s u b c r i t i c a l  c r ack ing  (K ) r a t h e r  than t h e  
c r i t i c a l  stress i n t e n s i t y  ~ becomes the basis f o r  c a l c u l a t i n g  t h e  dangerous 
flaw s i z e ,  I n  a i r  and t h e  i n h i b i t e d  water i n v e s t i g a t e d  i n  t h i s  s t u d y ,  t h e  
t h r e s h o l d  stress i n t i ens i ty  f a c t o r  was approximately 90% o f  KIc. 
of up t o  18 hour s ,  t h e r e  was IIO evldence of slow c rack  growth. Tlie fo l lowing  
c a l c u l a t e d  values of  c r i t i c a l  f l a w  s i z c  are  based on a t h r e s h o l d  stress 
i n t e n s i t y  Level of 0.9 K 
I s c c  
For p e r i o d s  
L/2,  o r  4 2 , 5  ks i - - ine  
I C  
Crack Shape ( a /2c )  -- _----- Marking 
Stress,  k s i  - 0 - 1  0 - 3  0.5  _ _ _ _ ~ -  
10 0 0.049 0.074 0.113 
125 0.029 0.045 0.082 
150 0 , 0 2 2  0,030 0.051 
I n  triethyl a l c o h o l ,  t h e  t h r e s h o l d  l eve l  was n o t  dctermi-ned; 
a t  no time w a s  the a p p l i e d  stress i n t e n s i t y  l e v e l  (IC 1 low enough t o  eliminiltc 
s u b c r i t i c a l  c r ack  growth i n  the h o l d  per iod . ;  inve;tLsc:cd E F'Fgce.; 20 a i  
21  i n d i c a t e  t h a t  s i g n i f i c a n t  slow crack growth begzr. i n  t h e  0 .OSO-i.n.--th.Lck 
maIreria1 a f t e r  approximately 90 ir&~.ctcs of  Eiqosurc.  t o  i13ethy.l ctlct&ol a t  an 
I i  
IV, E ,  Discuss ion  of Resu l t s  (cont.) 
of  exposure t o  methyl a l c o h o l  (see Figures  18 a d  19) Thus f o r  Service 
involving - - - - - ~ - - ~ ~  less than EO minutes I__ of  exposure t o  methyl alcoliol, a t  an a p p l i e d  
stress i n t e n s i t y  l e v e l  of 0.6 K 
c r i t i c a l  ELaw s i z e  would be as f o l l o w :  
(26.5 ksi-nin,L/2)  t he  calcti lzted : / a L u e ~  of 
I C  
CRITICN,  CRACK DEPTH - (IN e FOR METHYL ALCOROL 
KIi/KIC = 0.6 (KIi = 26,5 ksi-in.  112) 
Working Crack Shape ( a I 2 c )  
S t r e z s ,  ksi 0.1 0.3 0.5 ------ .-L 
1-00 0.014 0.02.7 0,043 
125 0.012 0.014 0.023 
150 0.008 0,010 0,014 
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s i z e  b u t  n o t  s u f f i c i e n t l y  t o  r e s u l t  i n  f a i l u r e .  However, du r ing  s u b s e q w n t  - 
long-time s e r v i c e ,  Eai1.u~-e may occur  because- of s l o w  c rack  growth even though 
t h e  v e s s e l  passed h y d r o t e s t  a t  a h i g h e r  stress level. 
I n  view of t h e  above problems, i t  i s  cons ide red  h i g h l y  
d e s i r a b l e  t o  employ SWAT as a suppl-ementary n o n d e s t r u c t i v e  i n s p e c t i o n  technique 
bo th  du r ing  l a b o r a t o r y  i n v e s t i g a t i o n s  t o  gene ra t e  r e l i a b l e  IC daca and du r ing  
hydro te s  t t o  deterinirre t h e  occurrence and l o c a t i o n  of flaw growth which may 
otherwise go undetected and r e s u l t  i n  subsequent  service f a i l u r e s  
rscc 
CONCLUSIONS - v. 
A. Sensor attachment t echn iques  have beerz success  f u l l y  developed and 
dernons tratcd which o v e r c o l i ~  previous bonding-agent problems encountered du r ing  
t h e  h y d r o t e s t  02 an ApoLlo SPS tank, 
B e  The system s e n s i t i v i t y  r e q u i r e d  t o  d e t e c t  stress-wave emissions 
fram subcri t5cal  c rack  growth i n  t h i n  wa l l ed  (0,030 and 0 .050-ine) 6Al-4.V 
t i t a n i u m  a l l o y  h a s  been s u c c e s s f u l l y  achieved and demonstrated i n  alr, d i s t i l l e d  
water inhibited wit3-i sodium dichromate (500 ppm) , and methyl a l c o h o l  environ-  
ments a V e r i f i c a t i o n  of adequate SWAT-system s e n s i t i v i t y  was made through 
a n a l y s i s  of stress-wave emission d a t a  from a p rev ious  Apollo SPS-tank 
hydroburs t e 
De A i r  arid d i s t i l l e d  w a t e r  I n h i b i t e d  with sodium dichromate (500 ppit1) 
envLranments d i d  n u t  produce slow crack groT/;th o r  f a i l u r e  du r ing  h o l d  p e r i o d s  
of  up to  18 hours  a t  app l i ed  stress - in t ens i ty  va lues  of up t o  0.532 ICIc. This 
o b s e r v a t i o n  was v e r i f i e d  b o t h  by t h e  stress-wave emission d a t a  atid by exzmina- 
t i o n  of t h e  f r a c t u r e  su r f  aces 
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V Conclusions (cont  I )  ) 
F. The stress-wave emission c h a r a c t e r i s t i c s  which can b 
p r e c u r s o r s  of  f a i l u r e  w e r e  t h e  same f o r  a l l  environments i n v e s t i g a t e d ;  t h e s e  . 
are: (I) t h e  ra te  oE occurrence,  (2)  t h e  cumulative coun t ,  and ( 3 )  the 
amplitude of stress-wave emissions 
f a i l u r e  w a s  approached 
a l l  of which i n c r e a s e d  s % g n i i i c a n t l y  86 
G. I n  a i r  and i n h i b i t e d  water, no s i g n i f i c a n t  SWE were observed under 
s u s t a i n e d  l o a d  f o r  h o l d  p e r i o d s  of up t o  1 8  hour s .  
t h e  f a c t  t h a t  t h e r e  w a s  n e i t h e r  evidence of slow crack growth i n  t h e  f r a c t u r e  
s u r f a c e s  nor  f a i l u r e  du r ing  t h e  h o l d  pe r iods .  
l oad  w a s  d e t e c t e d  by monitor ing t h e  stress-wave emissions o c c u r r i n g  and w a s  
a t t e n d e d  by i n c r e a s e d  stress-wave rate o f  occurrence and amplitude.  
This  w a s  c o n s i s t e n t  w i th  
F a i l u r e  du r ing  subsequent  r i s i n g  
I. The i n t e r v a l  between t h e  onset of  d e t e c t a b l e  c rack  growth as shown 
by t h e  stress-wave emission d a t a  and actual f a i l u r e  v a r i e d  as a f u a c t i o n  of 
environment and a p p l i e d  stress i n t e n s i t y ;  5-n a l l  i n s t a n c e s  t h i s  t i m e  i n t e r v a l  
w a s  s u f f i c i e n t  t o  t e rmina te  t h e  p r e s s u r i z i n g  c y c l e  i n  a h y d r o t e s t  p r i o r  t o  
f a i l u r e  . 
J. The s t ress-wave a n a l y s i s  technique should be wnployed as ii method 
of  d e t e c t i n g  and l o c a t i n g  the occurrence of s u b c r i t i c a l  c r ack  growth du r ing  
proof t e s t i n g  o f  c r i t i ca l  tankage and du r ing  Laboratory i n v e s t i g a t i o n s  of t h e  
t h r e s h o l d  stress i n c e n s i t y  level  for s u b c r i t i c a l  crack grcictk (K 1 and/or 
slow-crac~-grawth mechanisms The need f n r  SWAT i s  p a r t i c u l a r l y  a c u t e  i n  the 
proof t e s t i n g  of p-i-essu?re vessels where p a s t  expe r i ence  h a s  shown t h a t  s u b c r i -  
t i ca l  crack growth aay occur wi.f;tioi~f: producing f a i lu re  and then catise f a i l u r e  
even at lower servlce strcsses d u e  t o  a d d i t i o  environme:itally induced slow 
crack growth. d i l r i i l g  long  pe r iods  oE service e 
Is c c  
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A ,  The SWAT sensor attachnient techniques and sys t e m  s e n s i t i v i t y  
c r i te r ia  evol-ved dur ing  t h i s  program should be v e r i f i e d  through t h e  hydrot:eit 
of i ~ n  ApoL10 Sc rv fce  Pmpuls ion  Syst-em (or ~L71ilar th in - igd led )  r;rzsur.-e 
vessel. A n o b i l e  SlJkT i n s t r u m e n t a t i o n  van i s  p resen t ly  a v a i i ~ h l e  fci" ihF::: 
purpose and would demonstrate t h e  a p p l i c a t i o n  of c r i  t e r fa  evolved through thi-s 
s tudy  under ac tua l  h y d r o t e s t  cond i t ions  e 
B. Subsequently a SWAT lris t ruxenta t ion  system sXiouLd be designed 
s p e c i f i c a l l y  t o  m c e t  A p o l l o  re.c,nircri:ents, 
i n r e r f a c i n g  v i t h  o t h e r  NASA marcrials and/or  component test i n s t r u x n . t a t i o n  
such as c u r r e n t l y  avai-laLle cornpiiter, data. readout  and hydro te s t  faci3.i.tl.es e 
The d e s i g n  s h o u l d  be suitab3.e f o r  
I). I n v e s t i g a t i o n s  shoulrl be conducted t o  invcs t i g a t e  the i n t e r a c t i o n s  
of mul.tiple fl-am on. t i t a n i u m  f r a c t u r e .  Such s t u d i e s  could  be employed u s i n g  
PTC-tensile specimens of bo th  pa ren t  metal and w e l t l s  a<d usi1.1.g SWAT as a real- 
time tec!ir:Fyz~ t o  i n d i c a t e  t h e  l o a d  aiid tes t  t i m s  a t  which interactioas occur ,  
"his infocm.~t ion would be usefui. in asses:; Ir,g L h e  integrity;  o f  s.uch c r j - t ica i  
przssirare vessel areas as welds where i n d t i p l e  p o r o s i t y  o f t e n  GCCLXS, and i n  
determining assoc-iatcd accept/rejecr c r i t e r i a .  
VI Recomeridations (cont ) 
E. Tests t o  e s t a b l i s h  t h e  th re sho ld  K va lue  f o r  c r l t i c a l  Apo l lo  Pscc 
materiab-environmF_nt combinations should be  performed u s h g  SWAT as a means 
of detect-.Lmg the occurrence of s u b c r i ~ i  ca2 crack growth 
a con t inua t ion  of t h e  methyl aicohol t e s t s  i n i t i a t e d  i n  this program. Cur rcn tLy  
T h i s  wouId ~ T J C ~ U ~ C  
va lues  are ob ta ined  on the b a s i s  01 p l o t s  o€ a p p l i e d  stress i n t e n s i t y  
vs t i m e  t o  failusre where the latter measurements u s u a l l y  are based  011 p r a c t i c a l  
obse rva t ion  pe r iods  of less than  a week. 
be h i g h l y  unconserva t ive  - a f t e r  a w e e k  o r  any o t h e r  arbi t rar j j  o b s c r v z t i o n  
pe r iod ,  the specimen may n o t  have f a i l e d ,  b u t  S ~ O G J  crack  growth may, never the-  
less, be conlrinlling and go undetected i n  the al>sence of a method such as SWAT. 
the KIscc 
This i s  obviousl-y a r b i t r a r y  and may 
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